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ABSTRACT 
POLLEN SELECTION UNDER ACID RAIN STRESS 
FEBRUARY 1994 
YUANHAI ZHANG, B.S. ANHUI UNIVERSITY, P.R. CHINA 
M.S. JIANGSU AGRICULTURAL COLLEGE, P.R. CHINA 
Ph. D. UNIVERSITY OF MASSACHUSETTS AMHERST 
Directed by: Professor Lyle E. Craker 
To investigate whether acid rain stress induces pollen 
selection in nature, three different approaches were used, 
based on the assumption that the response of pollen grains to 
acid rain is controlled by an acid sensitive gene product. 
The first approach was to examine the germination of pollen 
from homozygous and heterozygous individuals under acid rain 
stress to detect any differences in the rate of germination 
between populations of homogeneous and heterogeneous pollen 
grains. The second and third approaches were in vitro and in 
vivo bulked segregant analysis using RAPDs to search for 
differences in DNA constitution between the survivors of acid 
rain stressed and non-acid rain stressed pollen populations in 
vitro and between the progenies of acid rain stressed and 
vi 
non-acid rain stressed populations during pollination, 
respectively. No evidence for the pollen selection under acid 
rain stress was obtained in any of our test systems. 
To determine whether protein synthesis was involved in 
the response of pollen grains to acid rain stress, a protein 
synthesis inhibitor, cyclohexmide, and 2-dimensional 
electrophoresis were used. During first 2 hours of incubation 
corn pollen tube growth was not retarded by inhibition of 
protein synthesis using cyclohexmide. In contrast, simulated 
acid rain at pH 4.5 demonstrated significant inhibitive effect 
on tube elongation at 0.5 hr. Inhibition of protein synthesis 
using cycloheximide led to significant reduction of tube 
elongation at 4 hr and had no effect on pollen germination at 
any time interval tested. Total proteins extracted from 
control and acid rain stressed pollen grain populations 
cultured for 2 hr exhibited no differences as revealed by 2- 
dimensional gel electrophoresis. 
The reduction of corn pollen germination in vitro under 
acid rain stress was mainly due to pollen rupture. In one 
test, at pH 5.5, germination was 55 % and a few grains 
ruptured; at pH 4.5, germination was 13 % and rupture was 70 
% of the pollen; at pH 3.5, no germination nor rupture 
occurred. Pollen rupture on a pH 4.5 medium was prevented 
« t 
Vll 
when the respiratory inhibitor, KCN, was incorporated in the 
medium or when the pollen grains were kept at 4 °C. The 
present data indicates the reduction of pollen germination and 
tube growth under acid rain stress may be a physiological 
response rather than a genetic response. 
A simple, nontoxic, and effective method to separate 
germinated from ungerminated pollen grains has been developed 
using pollen from corn (Zea mays, L. cv. Pioneer 3747) . After 
separation, 99.1 % of the grains in the sample of germinated 
pollen grains had tubes; 97.2 % of the grains in the sample of 
ungerminated pollen grains had no tubes. Recovery was 18.1 % 
of the total grains for germinated and 1.5 % for ungerminated 
pollen grains. The separated germinated pollen grains 
retained viability and continued tube growth when placed in 
culture medium. 
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CHAPTER 1 
INTRODUCTION 
The life cycle of higher plants has two phases: a 
conspicuous sporophytic phase and a reduced gametophytic 
phase. Gene expression, according to isoenzyme and mRNA 
assay, overlaps both phases by approximately 60 % (Tanksley et 
al., 1981; Willing and Mascarenhas, 1984; Sari-Gorla et al., 
1986). This overlap indicates the possibility that selection 
at the gametophytic level may affect the fitness of following 
sporophyte (Ottaviano and Mulcahy, 1989). Ter-Avanesian 
(1949, 1978) and Mulcahy (1979) have proposed that selection 
at the gametophytic phase is possible and could be applied in 
plant breeding. 
The response of sporophytes to various selective 
pressures such as temperature, salinity, heavy metals, and 
herbicides have been correlated with sensitivity of 
gametophytes to these stressors (Hormaza and Herrero, 1992). 
For example, Zamir et al. (1981) reported that under low 
temperature stress, the male gametophyte from a cold tolerant 
species was more competitive than the male gametophyte from a 
cold sensitive species. Searcy and Mulcahy (1985a) 
1 
demonstrated that pollen grains from copper- or zinc-tolerant 
individuals of Silene spp. and Mimulus guttatus were able to 
germinate and grow at concentrations of these heavy metals 
which would markedly inhibit pollen germination and tube 
growth in nontolerant selections. Gametophytic selection has 
also been documented in the cases of cold tolerance and 
herbicide resistance (Zamir and Gadish, 1987; Sari-Gorla et 
al., 1989), clearly demonstrating that more tolerant pollen 
grains selected by environmental stress produce tolerant 
progenies. 
Generally, attempts at gametophytic selection have 
involved application of pollen to the stigma maintained in a 
stress environment to produce a selective pressure. This 
method, however, allows the pistil to participate in the 
selective process which, in some instances, appears to protect 
pollen from an environmental stress and prevent pollen 
selection. For example, Searcy and Mulcahy (1985b) reported 
that pistils of copper tolerant plants which contained enough 
of the metal to inhibit the growth of pollen tubes in vitro, 
did not inhibit pollen growth in vivo. Krause et al. (1975) 
have reported that tube elongation of pollen from petunia 
{Petunia hybrida cv. White Bountiful), was retarded in vitro 
2 
when treated with ozone, but not affected if deposited on 
stigmas and subsequently treated with ozone at 0.8 /xl/1* 
Acid rain remains one of major environmental problems of 
today in the United States, especially in the northeast region 
of the country (NADP, 1990). Acid rain acidifies streams and 
lakes and, therefore, adversely affects the normal growth and 
development of living organisms that reside there (Chiras, 
1991). In most cases, however, acid rain occurring 
"naturally” does not damage the vegetative tissue of higher 
plants nor reduces crop yields as the vegetative tissues are 
able to buffer the acid (Irving, 1983, 1987; Craker and 
Bernstein, 1984; Musselman, 1988). Yet, acid rain could 
affect plant development through effects on the gametophytic 
generation. 
Germination and tube growth of pollens are affected by 
simulated acid rain (Wolters and Martens, 1987; Dani et al., 
1988; Paoletti and Bellani, 1990). For example, an acid rain 
at pH 3.6 reduces pollen germination on the silks of corn by 
28 % and acid rain at pH 4.6 causes reduction of corn pollen 
germination in vitro by 49 % (Craker and Waldron, 1989). 
Under acid conditions, however, some pollen grains are able to 
germinate even though the majority do not. Whether this 
difference is due to different genotypes within the pollen 
3 
grains or to some other physiological phenomena is unknown. 
If due to difference in genotype, gametophytic selection 
caused by acid rain could change genetic constitution of 
following generations as acid susceptible pollen is unable to 
compete in the reproductive process. Such changes could 
result in the desirable characteristics of plant community 
being lost from the gene pool. 
In present study, the response of pollen grains to acid 
rain stress was tested to determine whether differences in 
germination under acid rain stress conditions was due to 
differences in genotype. 
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CHAPTER 2 
LITERATURE REVIEW 
2.1 Acid rain: definition and formation 
Acid rain, rain having pH value less than 5.6, is 
considered a serious environmental problem (Wellburn, 1988). 
While "normal” rain is slightly acid, pH about 5.6, resulting 
from a reaction of CO2 with water in the atmosphere, acid rain 
is produced by reaction of moisture with oxides of carbon, 
sulfur and nitrogen in the atmosphere, producing a mixture of 
carbonic, sulfuric, and nitric acids. Rain with a pH lower 
than 5.6 is considered to have been acidified. In a "clean" 
atmosphere and disregarding any wind-blown alkaline materials, 
natural cloud water will always be slightly acidic, but never 
below pH 5.5. 
The principal oxide of sulfur, sulfur dioxide, is produced 
by biological oxidation of sulfur-containing compounds and by 
the combustion of fossil fuels. The oxides of nitrogen in 
air, complex compounds and usually referred to as NO^^, result 
from high temperature combustion where nitrogen and oxygen 
naturally present in the air combine to form NO^. Automobiles 
and other combustion processes are the major sources in 
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industrial areas. Gas-phase reactions can also generate 
organic acids such as formic acid, acetic acid and higher 
acids. These organic acids are thought to contribute between 
5% and 20% towards the total acidity of tropospheric 
atmospheres (Wellburn, 1988). 
The term "acid rain" was first used by Robert Angus Smith 
in 1872 to describe the acidic nature of the rainfall in 
Manchester, England, in a report as the first Chief Alkali 
Inspector of the England (Wellburn, 1988). An intensive 
effort to study the effects of acidic precipitation on living 
organisms, however, was not initiated until the Norwegian SNSF 
(Sur Nedbors Virkning Pa Skog Og Fisk- "Acid Rain Effects on 
Forest and Fish") Project was established in 1972. 
Although manuscripts addressing rain chemistry were 
published prior to 1975, the phenomenon was not formally 
recognized in North America until the "First International 
Symposium on Acid Precipitation and the Forest Ecosystem in 
Ohio" (USDA,1976), and the 1978 NATO Conference on "Effects of 
Acid Precipitation on Vegetation and Soils." As the acidic 
precipitation phenomenon gained increasing attention (with 
occurrence reported over larger areas of North America), 
economic damage to crops was predicted (Glass et al., 1979; 
6 
USEPA, 1979) and a number of research programs to investigate 
the effects were initiated (Irving, 1983). 
2.2 Acid rain effect on plant growth and development 
According to Irving (1983,1987), the majority of crop 
species studied in the field and in controlled environment 
facilities exhibit no effect of acid rain on growth nor yield, 
leading to the conclusion that acidic rain in the amounts and 
concentrations occurring in the U.S. do not have any 
measurable effects on the yield of agricultural crops. Craker 
and Bernstein (1984) have reported that the plant leaf has 
buffering capacity that resists acid rain effects. Later, 
Musselman (1988) also reported plant leaves have a surface 
capacity to neutralize acidic input. These could be possible 
explanations for why acid rain has little or no effect on 
plant vegetation and yield in a pH range between 4.0 and 5.6. 
In contrast to vegetative growth, acid rain has 
significant inhibitive effects on pollen germination and tube 
growth. As early as 1924, Brink observed that a growth medium 
with a low pH reduced the pollen germination rate and tube 
length in sweet pea (pH 6.0 - pH 4.0). Kratky et al. (1974) 
reported that rainwater collected in the volcanic area in 
Hawaii was acidic (pH 4.0) and in a pollen germination medium 
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containing rainwater, germination and tube lengths of tomato 
pollen decreased as the pH of the rainwater decreased. The 
pollens from several different tree species have been 
demonstrated to be sensitive to the lower pH levels (pH 5.0 - 
2.5)(Cox, 1983, 1984). 
In contrast, when pollen is enclosed in the anther, acid 
rain episodes do not reduce the germination of pollen shed 
after acid rain treatment (Neuvonen et al., 1991) . In a field 
experiment, acid rain did not have significantly effect on the 
number and size of female catkins or seed germination 
capability of mountain birch (Neuvonen et al., 1991). Acid 
rain has no effect on the female reproductive structures (cone 
scale weight, seed weight, number of seeds per cone, and per 
cent germination of filled seed), of red spruce trees (Feret 
et al., 1990). To determine if acid rain could induce 
gametophytic selection, Cox (1989) observed that pollen grains 
from trees (yellow birch, white birch, white pine and red 
pine) growing in either acid or calcareous soil had the same 
sensitivity to acid rain stress. 
Among crops, corn {Zea mays L.), like other wind- 
pollinated plants, requires the movement of pollen in the open 
atmosphere from the male to the female reproductive organs 
during pollination. Consequently, both the tassel and silks 
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of corn are exposed to any atmospheric pollutants present 
during the time of pollination. Acid rain reduces corn pollen 
germination in vitro and in vivo. No germination occurs at pH 
4.0 in vitro and about 40% reduction of germination occurs at 
pH 2.6 in vivo (Wertheim and Craker, 1987; Craker and Waldron, 
1989) . Corn silks treated with a simulated acid rain of pH 
3.6 or 2.6 developed necrotic lesions in the most distal 
regions. Silk tissue placed in a simulated acid rain solution 
was able to buffer the acidity of the rain over time (Wertheim 
and Craker, 1988) . Acid rain creates an inhospitable 
environment for pollen germination on the silk surface. 
Rinsing silks with a pH 5.6 rain after treatment with a pH 2.6 
rain did not increase pollen germination above that on silks 
treated only with a pH 2.6 rain, suggesting the reduced 
germination was due to physical and/or chemical modifications 
of the silk surface and not to residual acid on the tissue 
(Wertheim and Craker, 1987). Craker and Waldron (1989) 
reported that under field conditions, because of the large 
amount of pollen available for pollination in corn, acid rain 
did not reduce yield significantly even though acid rain 
inhibits pollen germination and tube growth significantly. 
Acid rain, however, reduced corn yield if pollen supply is 
limited. Dubay (1989) observed that acid rain applied before 
9 
pollination did not reduce corn yield, but acid rain applied 
at 1 hr after pollination for 1 hr decreased yield 
significantly. 
Apparently the hydrogen ion in acid rain is responsible for 
the acid rain effect on pollen germination and tube growth. 
Masaru et al.(1980) indicated that either a promotion or an 
inhibition of tube elongation of Camellia japonica pollen 
occurs when anions such as NOj', Cl* and 804^* exist in the 
germination media as acids. Such a phenomenon does not occur 
when the anions exist in the media as salts, for example, 
NH4NO3 and Mg(N03)2/ leading to the conclusion that hydrogen ion 
in acid rain caused the observed results. Wertheim and Craker 
(1988) observed that reduced pollen germination in corn 
appeared directly related to the acidity of the rain, but not 
the sulphate concentration. 
By using buffered and unbuffered culture medium, Sharma 
and Shivana (1983) demonstrated that pollen diffusates had a 
strong buffering capacity in Crotalaria retusa. Southworth 
(1983) also observed that pH of the culture medium changed 
during pollen germination in Lilium longiflorum and suggested 
that the pH change is not controlled by proton fluxes alone 
but involves release of buffering compounds. 
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2.3 Gametophytic selection 
The life cycle of angiosperms consists of two phases: 
sporophytic phase, which exists in the form of seed, seedling, 
and mature plants that one can see with naked eyes, and 
gametophytic phase, which exists in the form of egg and pollen 
that one can generally only see clearly with aid of a 
microscope. Genetic selection appears to occur during either 
the sporophytic or gametophytic phase (Ottaviano and Mulcahy, 
1989). Ter-Avanesian (1949,1978) reported that among progeny 
of Gossypium, Vigna, and Triticum, morphological variation was 
increased by applying limited amounts of pollen in crosses. 
Since the pollen in each case came from single pollen sources, 
the only explanation for these observations is that pollen 
tubes which grow slowly give rise to sporophytes which exhibit 
morphological extremes. In Cucurbita pepo Stephenson et al. 
(1986) demonstrated that the progeny of fruits produced by 
high pollen loads are more vigorous than progeny of fruits 
produced by low and medium pollen loads. A more recent study 
in C. pepo and Lotus corniculatus confirmed that increases in 
pollen load reduce the genetic variability in the progeny 
(Schlichting et al. 1987). The increase of progeny vigor in 
terms of seed weight, seedling weight, root growth is 
11 
positively related to the growth rate of pollen grains 
(Mulcahy, 1971, 1974). 
The theoretical base for pollen selection is the 
overlapping of gene expression between pollen and sporophyte. 
Only those genes expressed in both gametophytic and 
sporophytic phases are subjected to gametophytic selection and 
expressed in the sporophyte (Hormaza and Herrero, 1992). The 
level of overlapping is the focus of several studies. 
Tanksley et al (1981) first estimated about 60 % overlapping 
in tomato using isoenzymes as representives of genes. Further 
studies supported this estimation in different plant materials 
using isoenzymes, for example, 72 % in corn (Sari-Gorla et al, 
1986), 81 % in Prunus (Weeden, 1986), 77 % in Populus (Rajora 
and Zsuffa, 1986) and 60 % in barley (Pedersen et al, 1987). 
This estimation of overlap is supported by nucleic acid 
studies. Willing and Mascarenhas (1984) hybridized cDNAs from 
shoot and pollen to RNAs from pollen and shoot (reciprocal 
hybridization) and estimated about 60 % overlap. Big 
populations of pollen grains in a small volume and expression 
of recessive genes in pollen are also theoretical bases for 
pollen selection (Hormaza and Herrero, 1992). 
Pollen selection in vivo has been documented. Detailed 
studies of low temperature tolerance in tomatoes have been 
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carried out (Zamir et al., 1981, 1982, 1983, 1987) using a 
sensitive species, Lycopersicon esculentum, and a tolerant 
species, Lycopersicon hirsutum. Under stress conditions in 
mixed pollination, the pollen from L. hirsutum is more 
competitive than those from the sensitive species. More 
tolerant progenies, detected by isozyme analysis, were 
obtained when the stress was applied to the Fj microspores 
(during pollen development ) and to pollen (during pollen 
function, while growing in the style), although the response 
was more intense during the independent phase of the 
gametophyte (pollen function). Different results, however, 
were obtained by Den Nijs et al. (1983) when low temperature 
was applied to gametophytes produced by crossing cultivars of 
the same species, although the experimental data did not 
discriminate between pre- and postpollination events and the 
intensity of selection was not very high. 
A successful in vivo pollen selection was reported under 
herbicide stress in corn (Sari-Gorla et al., 1989). The 
tolerant and sensitive lines of corn to the herbicide 
Chlorosulfuron were crossed to obtain an generation. When 
pollen from the Fj tassel was kept in Chlorosulfuron solution 
until shedding before use in pollinating silks of sensitive 
parent, progeny significantly tolerant to Chlorosulfuron was 
13 
obtained, as compared with progeny from pollen not treated 
with the herbicide. 
Similar results have been obtained for tolerance to 
salinity. Interspecific crosses between Solanum pennellii 
(salt tolerant) and Lycopersicum esculentum (salt sensitive ) 
produced an excess of tolerant progeny when Fj plants were 
grown in hydroponic solution with an excess of NaCl (Sacher et 
al., 1983). Different results, however, were reported too. 
When fusaric acid, a compound produced by a pathogen Fusarium 
oxysporum, is applied to styles of Nicotiana langsodrfii, 
highly heterogeneous pollen growing through these styles 
produces progeny which differ significantly from control 
progeny derived from pollination without applying fusaric acid 
to styles. This result is, however, opposite of that expected 
as progeny from selected treatments were more sensitive to 
fusaric acid than were controls without fusaric acid treatment 
(Simon and Sanford, 1986). Similar results were obtained by 
Rowe et al. (1986), who exposed pollen of alfalfa {Medicago 
sativa L.) to crude extracts of the pathogen Fusarium 
oxysporum Schlecht f. sp. medicaginis (Weimer) Snyder and 
Hansen. 
While pollen selection in vivo is effective, the method 
in which pollen is applied to the stigma maintained in a 
14 
stress environment to produce a selective pressure has some 
limitations. First, the pistil can protect pollen from 
selective pressure. For example, Searcy and Mulcahy (1985b) 
reported that pistils of copper tolerant plants containing 
enough of the metal to inhibit the growth of pollen tubes in 
vitro, did not inhibit pollen growth in vivo, Krause et al. 
(1975) reported that tube elongation of pollen from petunia 
{Petunia hybrida cv. White Bountiful), was retarded in vitro 
when treated with ozone, but not affected if deposited on 
stigmas and subsequently treated with ozone at 0.8 /xl/1. 
Secondly, the question occurs whether the observed 
selection effect is due to gametophytic selection alone or a 
postzygotic selection such as embryo or fruit abortion. 
To circumvent these problems, an ideal system would 
select pollen in vitro using desired stressor, separating 
germinated pollen grains that are tolerant to imposed stress 
from ungerminated grains that are sensitive. Germinated 
pollen grains could subsequently be applied to the stigmas 
maintained under natural conditions to obtain seeds. 
Stressing pollen in vitro appears not a major problem. Many 
reports describing the response of pollens to stressors in 
vitro such as ozone (Feder, 1968), heavy metals (Sercy and 
Mulcahy, 1985), acid rain (Craker and Waldron, 1989) , and cold 
15 
(Zamir et al., 1981) are available. Separation of germinated 
pollen grains from ungerminated grains, however, is an 
obstacle. Efforts have been made to address this problem, but 
no satisfactory results obtained. Bino et al.(1988) used low 
speed centrifugation and Mulcahy et al. (1988) tried density 
gradient centrifugation to separate germinated pollen grains 
from ungerminated grains and obtained only about 70 % purity. 
Obtaining seeds from pollination using selected, previous 
germinated pollen grains is another problem. Tupy et al. 
(1977) cultured tobacco pollen in a liquid medium for 10, 30, 
60, 120, 240 and 360 min, respectively, filtered the culture, 
and applied these pollen to stigmas in vivo. Seed set 
declined as the culture period become longer and no seed set 
was observed when pollen was cultured longer than 240 min. 
Bino et al. (1988) incubated cucumber pollen for 10 min, 
centrifuged at 80 g for 15 sec, resuspended the pellet in 
germination medium and applied a droplet of this medium (about 
100 grains with 70 germinated) to the stigma. After 3 days, 
a few pollen tubes observed in the style but no seed formed 
later. Hodgkin (1988) reported that pregerminated Brassica 
pollen was unable to penetrate the stigma papillae, but 
yielded viable seeds when the pollen grains were applied to 
the decapitated style. 
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CHAPTER 3 
METHODOLOGY 
3.1 Plant materials 
Corn (Zea mays L.) and tomato (Lycopersicon spp.) plants 
were used in this study. Corn plants, cv. Pioneer 3747 and 
Rhode Island flint, were grown in 18-liter pots filled with a 
mixture of loam, peat, and sand (2:1:1, v:v:v) (one plant per 
pot) in a greenhouse with a minimum temperature of 18 ®C. 
Supplemental light (using incandescent 400 w bulbs hanging 2 
m above soil surface at a ratio of one bulb per 26 plants) was 
used from November 1 to March 30 to establish a 16 hr light 
condition per day to force sufficient vegetative development 
before flowering. Vigorous growth of the plants was 
maintained by biweekly fertilization with 25 ml/pot of a 1 % 
solution of water-soluble fertilizer (20-20-20, N:P205:K20) . 
The tomato plants, a heterozygous Lycopersicon hirsutum 
Humb & Bon pi. LA1777 and a nearly homozygous Lycopersicon 
pennellii (Corr.) D'Arcy LA 716, were propagated vegetatively 
by cuttings and grown in pots filled with PRO-MIX BX (Premier 
Brands Inc.) in the greenhouse under the same environmental 
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conditions as the corn, except no supplemental light was 
added. 
3.2 Simulated acid rain solutions and culture medium 
Simulated acid rain solutions were made according to the 
formula of Lee et al. (1981) using a solution of sulfuric 
acid:nitric acid (7:3, v:v, the ratio observed in natural acid 
rain) to adjust pH to the desired value. The simulated rain 
solution contained 11 /xeq/1 Ca"^"^, 12 /xeq/1 Na'^, 2/xeq/l , 5 
/xeq/1 Mg11 /xeq/1 804^', 12 /xeq/1 NOj', 12 /xeq/1 Cl'. 
The agar medium for corn pollen culture was made 
according to the procedure of Pfabler (1967) : 100 ppm of boric 
acid, 300 ppm calcium, 12 % sugar and 0.7 % agar, using 
simulated acid rain solution as the solvent. The liquid 
medium for corn pollen culture was the same as the agar medium 
without the agar. Sugar concentration was increased to 20 %. 
The medium for tomato pollen culture was made in a similar way 
to the liquid medium for corn pollen culture with addition of 
30 % of PEG (polyethylene glycol, MW. 8,000) (Jahnen et al., 
1989) and sugar concentration was reduced to 2 %. 
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3.3 Pollen collection and culture 
Fresh corn pollen was collected for each experimental 
trial by gently shaking tassels that had been vigorously 
shaken approximately 2 hr earlier to remove old pollen 
(Wertheim and Craker, 1988). Tomato pollen was gathered from 
fully opened flowers by inverting and vigorously shaking. In 
both cases the pollen was caught on a waxy weighing paper. 
The corn pollen was used immediately after bringing back to 
laboratory. The tomato pollen was sealed in a small glass 
vial for storage at 4 °C for 24 hours in a desiccator, a 
procedure that appears to enhance germination. 
For corn pollen cultured on agar medium, 60 mg of pollen 
was uniformly distributed over the medium in 6 Petri dishes 
using a pollen dispersal system (Waldron and Craker, 1987). 
For corn pollen cultured on liquid medium, pollen (4 mg) was 
placed on a sheet of weighing paper and distributed on the 
surface of culture medium (2 ml) in a Petri dish (3.5 cm in 
diameter) by gently shaking the pollen off the weighing paper 
to the medium in the dish. The surface tension of the liquid 
medium resulted in uniform distribution of pollen grains. 
Pollens of both tomato and corn were cultured at 25 °C for 
selected time intervals. Each treatment consisted of 2 
replicates and was repeated at least twice. 
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3.4 Measurements of pollen germination and tube growth 
Pollen germination and tube length were checked by 
sampling in 5 different, randomly selected microscopic viewing 
fields for each Petri dish containing cultured pollen grains. 
Pollen was considered germinated if the tube extrusion was 
greater than one-half the diameter of the pollen grain. Corn 
pollen tube length was determined by measuring the 3 longest 
tubes in a microscopic viewing field (a total of 30 
tubes/treatment) using a video monitor to trace tube length 
and a SigmaScan software program to measure the length of 
tracings. Tube length of tomato pollen was measured by 
photographing the randomly selected fields with Tmax 100 film 
and projecting the image to a digitized board for digitizing 
with a SigmaScan software program. 
3.5 Separation of pollen grains 
Germinated corn pollen grains were separated from 
ungerminated pollen grains using a screen and column system 
(Fig. 1) . The column was packed with prewashed sea sand that 
could pass through a 16 mesh (Tyler screen scale) sieve, but 
not a 24 mesh sieve, a size range of sea sand that allowed the 
separation of germinated and ungerminated pollen grains in 
preliminary studies. Macrofiltration screens (Fisher 
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Plastic tube 
Screen 
Liquid medium 
Sand column 
Sponge 
Figure 1. The screen and column system used to separate germinated and 
ungerminated pollen grains. 
The column is 6 cm long with a 0.87 cm inner diameter. The sand 
(24-16 mesh) is layered 4 cm high in the column. The sponge holds 
the sand particles in place and the plastic tube is added to keep 
screen in place and guide the addition of culture medium used as 
the eluent. 
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Scientific) of 3 sizes having openings of 0.011 (0.105 x 0.105 
mm), 0.022 (0.149 x 0.149 mm) and 0.044 (0.210 x 0.210 mm) 
mm^, respectively, were tested. The column was filled with 
culture solution to above the level of screen. 
For separation of germinated and ungerminated grains, the 
culture solution containing the mixture of germinated and 
ungerminated grains was layered on top of the solution in the 
column and the liquid phase in the system was immediately 
allowed to begin draining from the column. Approximately 21 
ml of culture media solution were added in about 3-ml units 
during the draining process with a disposable Pasteur pipette 
to keep pollen grains in the solution suspended as the system 
drained. Germinated pollen grains caught on the upper surface 
of the screen were recovered by gently washing from the screen 
with culture media. Ungerminated grains passing through the 
screen and sand column were recovered by collection of the 
eluent. The mixture of ungerminated and germinated pollen 
grains passing through the screen, but trapped in the sand 
column was discarded. 
3.6 Pollination, harvest and progeny evaluation 
For in vivo experiments, the heterozygous corn Pioneer 
3747 was chosen as male parent and an inbred line Rhode Island 
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flint as female parent. The ears of the Rhode Island flint 
were covered with pollination bags before silk emergence to 
prevent unwanted pollination. Silks, emerged for two days, 
were treated with either control solution at pH 5.5 or acid 
rain solution at pH 3.5 until runoff using a plastic sprayer. 
After spraying (30 min), pollen grains (40 mg/ear, the 
estimated amount that silks intercepted under normal field 
conditions (Miller, 1982; Kiesselbach, 1949)), were unifonnly 
deposited on silks by gently blowing from a weighing paper to 
the silks. Ears were recovered until harvest to prevent 
unwanted pollination. After development, seeds were harvested 
and air dried for 3 months. Randomly sampled seeds were sown 
in pots (7.5 cm in diameter and 7 cm high) filled with PROMIX 
BX at a ratio 5 seeds/pot. After growth for 10 days, 
seedlings were harvested, weighed, and stored at -70 ®C until 
used for DNA extraction. 
3.7 RAPD (Random Amplified Polymorphic DMAs) analysis 
Corn pollen grains germinated for 1 hour under control 
and acid rain stress were separated from ungerminated grains 
using the screen and column system described above. After 
separation, 100 % purity of germinated pollen samples were 
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assured by physically removing any ungerminated grains under 
a microscope. 
DNA was extracted from germinated, purified pollen grain 
populations and the progeny populations derived under control 
and acid rain stress according to the method described by 
Bernatzky and Tanksley (1986). RAPD analysis followed the 
procedure of Williams et al • (1990) with modifications 
(Mulcahy et al, 1991) . Primers (kit A, B, C and D) were from 
Operon Technology Co.. 
3.8 Protein gel electrophoresis 
For protein electrophoresis, corn pollen was cultured for 
2 hours under control and acid rain stress conditions at 25 
®C. Total proteins were extracted following the procedure 
described by Sung and Okimoto (1981) . Pollen (40 mg) was 
homogenized in a Eppendoff tube with 200 /xl extraction buffer 
on ice. The homogenate was centrifuged at 10,000 rpm on a 
Eppendoff centrifuge at 4 °C for 2 0 min. The supernatant was 
stored in a -20 ®C freezer. Electrophoresis (two dimensional) 
was performed according to Hochstrasser et al.(1988) with some 
modifications using the gel electrophoresis apparatus 
constructed in this laboratory. The first dimensional gel was 
18 cm long with 1 mm diameter and the second dimensional gel 
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was 20 X 20 cm. Total ampholyte (Serva) concentration was 5.8 
% (2.3 % of pH 5-6, 2.3 % of pH 6-7 and 1.2 % of pH 3-10). 
Protein samples (30 /xl) were loaded on the acidic end of the 
first dimensional gel. Electrophoresis was performed at 400 
V for 4 hr and 800 v for 1 hr for first dimension, at 60 mA 
for about 4 hr for second dimension. Proteins were viewed by 
silver staining (Heukeshoven and Dernick, 1985). 
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CHAPTER 4 
RESULTS 
4.1 Pollen growth and acid rain 
Pollen germination and tube growth were reduced by 
simulated acid rain. While the germination of pollen from 
Lycopersicon pennellii and from Lycopersicon hirsutum on a 
liquid medium at pH 5.5 were 73 and 84 %, respectively (Fig. 
2)., at pH 4.5, the germination of tomato pollen from L. 
hirsutum was 43 % and, L, pennilli, 52 %. At pH 4.5, corn 
pollen germination in vitro was reduced by 34 %, as compared 
with control at pH 5.5 (Fig. 3) . At pH 3.5, no germination of 
corn and tomato pollen were observed. Tube growth of corn 
pollen was reduced by 17 % at pH 4.5 as compared with control 
of pH 5.5 (Fig. 3). In tomato, at pH 4.5, tube growth of 
pollen was reduced by 39 % for L. hirsutum and 45 % for L. 
pennilli, respectively (Fig. 2). 
4.2 Separation of germinated from ungerminated pollen grains 
To separate germinated from ungerminated pollen grains, 
a liquid medium was established to facilitate pollen 
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Figure 2. Effect of acid rain on germination and tube growth of tomato pollen 
LH: Lycopersicon hirsutum 
LP: Lycopersicon pennellii 
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Figure 3. Effect of acid rain on germination and tube growth of com pollen. 
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separation. Corn pollen germination on this liquid medium was 
averaged 60 % (Table 1). 
Separation of germinated from ungerminated corn pollen 
grains required pollen germination and tube development for a 
minimum 1 hr under our experimental conditions (Table 2) . The 
separated population of germinated pollen grains was 
contaminated by less than 1 % ungerminated pollen grains 
(Table 3, Fig. 4). The population of ungerminated pollen 
grains was contaminated by less than 3 % germinated grains. 
Recovery of germinated pollen grains averaged 18.1 % of total 
grains. Recovery of ungerminated pollen grains averaged 1.5 
% of total grains (Table 3, Fig. 4). 
The recovered, germinated pollen grains were viable as 
indicated by continued tube growth when reapplied to culture 
medium after separation; the tube growth of separated 
germinated pollen grains was not retarded by the separation 
(Fig. 5). 
4.3 Effect of acid rain on reproductive process in corn 
The number of the kernels on the ear treated with 
simulated acid rain solution at pH 3.5 was not reduced as 
compared with control received simulated rain at pH 5.5 (Table 
4) . 
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Table 1. Germination of com pollen. 
Medium Trials Mean Maximum Minimum 
(%) (%) (%) 
Agar 12 61.1 ± 2.7“ 76.6 39.3 
Liquid 14 59.8 ± 3.5“ 82.5 41.3 
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Table 2. Pollen separation tests. 
Culture Time Tube Length* Mesh Opening** Separation 
(hr) (mm) (mm^) 
0.5 0.290 ± 0.008 0.011 No 
1.0 0.700 ± 0.018 0.022 Yes 
2.0 1.385 ± 0.035 0.044 Yes 
* Mean ± SE. 
** Mesh opening smaller than 0.011 mm^ would retain large 
numbers of ungerminated pollen (diameter of com pollen 
grain is approximately 0.1 mm). 
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Figure 4. Pollen grains cultured at 25 °C for 1 hr. 
a: Before separation (mixture of germinated and ungerminated grains) 
b: After separation, from screen (germinated grains) 
c: After separation, from eluent (ungerminated grains) 
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at 1 hr at 4 hr sample 
at 4 hr 
Figure 5. Tube growth of pollen grains. 
Each sample consists of the cultured pollen grain population at the 
indicated time. The separated sample is germinated pollen grains 
recovered by the screen and column system and reapplied to culture 
media for continued tube growth. 
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Table 4. Effect of acid rain on number of com kernels. 
Trials 
Ears Pollinated^ Number of Kernels^ 
Control" ‘ Acid Rain^ Control Acid Rain 
1 2 2 146 98 
2 2 2 310 358 
3 1 1 174 230 
4 1 1 274 223 
Total 6 6 904 909 
1. The number of ears pollinated in each trial. 
2. The kernels in each trial. 
3. The ears treated with simulated acid rain solution at pH 5.5. 
4. The ears treated with simulated acid rain solution at pH 3.5. 
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4.4 Homogeneous and heterogeneous pollen test 
No difference in germination was observed between pollen 
from homozygous and heterozygous individuals in response to a 
range of acidity of simulated acid rain in vitro (Fig. 6). 
4.5 RAPD test 
No difference was observed in the patterns of the most of 
the 405 bands (amplified DNA segments by PCR using 80 random 
primers) from the germinated pollen of control at pH 5.5 and 
simulated acid rain at pH 4.5, respectively (Fig. 7). A few 
bands were observed to be different in the first test but the 
differences could not be reproduced. Similar results were 
obtained for patterns of 500 bands amplified with the 80 
primers used in the in vitro test for progenies derived from 
control (pH 5.5) and acid rain (pH 3.5) treatments (Fig. 8). 
4.6 Protein synthesis test 
During first 2 hr of incubation, cycloheximide had no 
inhibitive effect on pollen tube growth. In contrast, acid 
rain at pH 4.5 significantly inhibited tube elongation at 0.5 
hr. Cycloheximide, however, dramatically suppressed tube 
elongation after 2 hr in comparison with acid rain at pH 4.5 
(Fig. 9) . Protein synthesis inhibitor had no effect on pollen 
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Figure 6. Effect of acid rain on germination of homogeneous and heterogeneous pollen 
in vitro. 
LH: Lycopersicon hirsutum, heterozygous 
LP: Lycopersicon pennellii, homozygous 
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Figure 7. Amplified DNA segments viewed on agarose gel for in vitro test. 
Legend: in each label, first block indicates primer and second indicates 
treatment. 
CK: control 
AR: acid rain treatment 
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Figure 8. Amplified DNA segments viewed on agarose gel for in vivo test. 
Legend: in each label, first block indicates primer, second - treatment, third 
pollination date, and fourth - sampling replicates. 
CK: control 
AR: acid rain treatment 
S: DNA standard 
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Figure 9. Effects of cycloheximide and acid rain on com pollen tube elongation in 
CH: cycloheximide at concentration of 10 /xg/ml. 
vitro. 
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gemination, but acid rain had strong inhibitive effect on 
pollen germination (Fig. 10). The patterns of total protein 
spots on 2-D gels for pollen samples cultured under control 
(pH 5.5) and acid rain stress (pH 4.5) for 2 hr were identical 
(Fig. 11). 
4.7 Pollen rupture 
Corn pollen on the medium at pH 5.5, which served as 
control, did not rupture but germinated. In contrast, many 
pollen grains ruptured on the acid rain medium at pH 4.5. 
Much reduced germination also resulted. Pollen grains on an 
acid rain medium at pH 3.5, however, did not rupture nor 
germinate (Table 5) . Pollen rupture that occurred on acid 
rain medium at pH 4.5 was prevented when a respiratory 
inhibitor was incorporated in the cultural medium, or the 
culture was kept at 4 °C. Dead pollen did not rupture on acid 
rain medium at pH 4.5 as did pollen killed by exposure to 100 
°C for 1 hour before applying to the medium at pH 4.5. Pollen 
ruptured when placed on the surface of water, but did not 
rupture when water contained KCN (Table 6). 
The longer pollen grains remained on a medium at pH 3.5, 
the less germination occurred with more grain rupture after 
transfer to the control medium at pH 5.5 (Fig. 12). 
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Figure 10. Effects of cycloheximide and acid rain on com jx)llen germination in vitro. 
CH: cycloheximide at concentration of 10 Mg/ml. 
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Figure 11. The gels revealing total proteins separated according to isoelectrical point and 
molecular weight. 
CK: control 
AR: acid rain treatment 
43 
Table 5. Effect of acid rain on corn pollen germination 
and rupture.* 
pH 5.5 pH 4.5 pH 3.5 
Germination (%) 55 ± 2 13 + 3 0 
Rupture (%) 5 ± 1 70 ± 5 0 
* Pollen was cultured on agar medium with simulated 
acid rain at indicated pH for 1 hr at 25‘’C. 
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Table 6. Pollen rupture under different conditions. 
Treatments Rupture 
pH 4.5* Yes 
pH 4.5 + KCN** No 
pH 4.5 at 4"C 
lOO^C for 1 hour 
No 
then at pH 4.5 No 
Water Yes 
Water + KCN No 
* Pollen was cultured on liquid medium for 0.5 hr. 
** 10 mM/ml 
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Time on medium at pH 5.5 (hr) Time on medium at pH 5.5 (hr) 
Figure 12. Germination and rupture of com pollen treated with acid rain at pH 3.5 for 
indicated time and transferred to control medium at pH 5.5. 
Note: pollen was cultured on Whatman #1 filter paper balanced with culture 
medium without agar and sat on agar medium. Pollen was transferred 
by printing pollen grains onto the surface of control medium at pH 5.5. 
46 
CHAPTER 5 
DISCUSSION 
5.1 Pollen grain separation 
The procedure described for separating germinated 
pollen grains from ungerminated pollen grains is effective and 
nontoxic. The purity of the germinated pollen grains using 
the separation method averaged over 99 %, much higher than 
that obtained with other systems utilized for separating 
germinated from ungerminated pollen grains. Previous tests by 
Mulcahy et al. (1988) using density gradient centrifugation 
resulted in only a 66 % separation of germinated from 
ungerminated pollen grains. Bino et al. (1988) obtained 67 % 
of germinated pollen grains in samples using low speed 
centrifugation. 
In the described procedure, the pollen grains always 
remain in nontoxic, culture media. Continued and unretarded 
growth of tubes of the separated pollen grains demonstrates 
that the separation process causes no harm to the viability of 
germinated pollen grains. In contrast, the toxicity to pollen 
of the centrifugation media used in the density centrifugation 
is a serious problem (Mulcahy et al., 1988). 
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The mechanisms of separation using the screen column 
procedure are based on differences in density and size. As 
the pollen grains germinate, the density decreases and the 
pollen tubes increase the physical size of the germinated 
grain (Mulcahy et al., 1988). During separation the 
ungerminated pollen grains sink to the screen, due to the pull 
of gravity and the density of the medium, before germinated 
grains and pass through the screen openings which are larger 
than the diameter of the pollen grains. When the germinated 
pollen grains with tubes reach the screen, they are caught on 
the screen surface as the length of the tube is larger than 
the opening in the screen. Germinated grains which because 
of their orientation pass through the screen are trapped 
among the sand particles in the column. Addition of medium 
solution during draining appears to allow repetition of the 
separation process, increasing the efficiency of separation. 
The described separation technique is simple, effective, 
and nontoxic to pollen. A separation of germinated from 
ungerminated pollen grains can be accomplished within 30 min, 
making segregated pollen readily available for use in further 
experimentation. For example, since postmeiotic gene 
expression in heterozygous plants generates stress tolerant 
and sensitive subpopulations of pollen, the ability to quickly 
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separate germinated from ungerminated pollen grains would 
allow a method to recover stress tolerant and sensitive 
genotypes. The stress tolerant and sensitive subpopulations 
of pollen from a single segregating plant should differ only 
in the locus (or loci and closely linked loci) that determine 
the response to the stress, presenting what has been termed 
a "bulked segregant analysis" by Michelmore et al. (1991). 
Differences in the DNA of the subpopulations of pollen would 
be useful in efforts to obtain seeds for stress 
tolerant/sensitive plants and to detect genetic markers for 
stress tolerant/sensitive loci. 
5.2 Acid rain and pollen selection 
To determine whether the response of pollen grains to 
acid rain stress (reduction of germination and tube growth) is 
a genetic effect or environmental effect, bulked segregant 
analysis (Michelmore et al., 1991) was used. According to 
Michelmore et al. (1991), if a dominant RAPD marker segregates 
in a F2 population, the probability of a bulk of n individuals 
having a band and another bulk of equal size not having a band 
will be 2 [l-(l/4)“] [1/4]“ when the locus is not linked to the 
target gene. In our in vivo test, 30 individuals were used 
and this chance is 2 [ 1-(1/4)[ 1/4= 1.7 x 10‘‘*. 
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According to Coe et al.(1989), total length of genetic 
distance of corn is about 1200 map units. In our in vitro 
experiments, 80 primers yielded 406 bands. If one assumes 
that these bands are segregating bands and these markers were 
uniformly distributed on the chromosomes, the distance between 
two markers would be about 3 map units. If each marker was 
closely linked to a gene, 3 map units is sufficient to detect 
linkage between a marker and selected target gene. No 
consistent differences of band patterns were observed between 
acid rain stressed population and non acid rain stressed 
control population and, therefore, no evidence was obtained 
for genetic differences between these two populations. 
In a test using pollen grains from homozygous and 
heterozygous individuals, the hypothesis that the response of 
pollen grains to acid rain stress occurs due to the presence 
of genes in the pollen that are responsible for increased 
susceptibility to acid rain and that this response is 
controlled by a gene or a major gene and multiple minor genes 
so that we can distinguish the resistant and sensitive 
individuals discretely, was examined. Due to the identical 
genotype of pollen grains from homozygous individual and 
different genotypes of pollen grains from heterozygous 
individual, the response of pollen grains of idendical 
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genotype to acid rain will be more uniform than pollen grains 
of different genotypes, that is, once the acid sensitive 
gene(s) is(are) on at a certain point of acidity of acid rain 
the germination ratio will drop suddenly, in contrast, the 
germination ratio of pollen grains of different genotypes will 
slowly decline. The same response of homozygous and 
heterozygous pollen grains to acid rain was observed in our 
study, indicating that existing of single acid sensitive 
gene or a major sensitive gene with multiple minor genes is 
not likely. 
Gene expression, determined by the interaction between 
genome and environment, can vary due to different genotypes 
under same environmental condition or due to different 
environmental conditions for the same genome (Suzuki et al., 
1989). The results in the dissertation demonstrate that 
during first 2 hours pollen depends on preserved proteins for 
germination and tube growth, but the inhibitive effects of 
acid rain at pH 4.5 on pollen germination and tube elongation 
were observed at 0.5 hr of culture. Further, no differences 
in total protein profiles on 2-D gels were obtained for two 
hours pollen growth between acid rain stressed and non acid 
rain stressed corn pollen populations. These data clearly 
indicate the observed inhibitive effect of acid rain stress on 
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pollen germination and tube growth is most likely to be a 
physiological response. Moreover, the reduction of corn 
pollen germination under acid rain stress is mainly due to 
pollen rupture. This pollen rupture proved to be a 
physiological process rather than direct physical damage 
caused by strong acidity in acid rain at much lower pH because 
pollen grains did not rupture on either medium at pH 5.5 
(germination occurs well) or pH 3.5 (no germination), but on 
medium at pH 4.5. Further, pollen grains did not rupture when 
on the medium at pH 4.5 at 4 °C, or respiratory inhibitor, 
KCN, incorporated into medium. 
Pollen is sensitive to acid rain stress (Kretky et al., 
1974; Cox, 1983, 1984; Wertheim and Craker, 1987; Wolters and 
Martens, 1987; Dani et al., 1988; Paoletti and Bellani, 1990), 
in contrast to a resistant cultivar of Pertunia to O3 (Feder, 
1986), a resistant species of tomato to cold (Zamir et al,, 
1981) and resistant species of Silene to heavy metal (zinc) 
(Searcy and Mulcahy, 1985a). Cox (1989) investigated pollen 
grains from the trees grown in different types of soils: acid 
and calcareous. Pollen grains from the trees grown in acid 
soil are same sensitive as the pollen grains from the trees 
grown in calcareous soil. 
In sumary, no genetic differences are detected in our 
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test systems between acid rain stressed and non acid rain 
stressed populations. 
5.3 Protein synthesis during pollen germination and tube 
growth 
Effect of cycloheximide, a protein synthesis inhibitor, 
on corn pollen tube growth in our experiment system appears 
two phases: no effect during first 2 hours incubation and 
significant inhibition of tube elongation after 2 hour. 
According to our literature survey, this is the first 
observation of that cycloheximide has no effect on pollen tube 
growth during a period of time and has effect during another 
period of time. This observation will bridge two opposite 
observations on the effect of cycloheximide on pollen growth: 
having effect or having no effect (Shivanna and Johri, 1985). 
This observation also suggests that caution must be taken to 
explain data when performing pollen selection in vitro during 
pollen germination and early tube growth because pollen relies 
on preserved proteins for its early stage growth. 
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APPENDIX A 
HEAVY METALS, ACID RAIN, AND POLLEN GROWTH 
ABSTRACT 
Heavy metals (cadmium, copper, lead, mercury and zinc, as 
chloride salts) and acid rain reduced corn pollen germination 
and tube growth in a liquid medium. Germination was 
significantly reduced at 1 /xM by all tested metals except 
cadmium which had effect at 3 /xM. Tube growth varied with 
concentration of the heavy metal and was significantly reduced 
by 1 /xM of mercury, 10 /xM of copper and zinc, and 3 0 /xM of 
cadmium and lead. The effect of combined heavy metals and 
acid rain on corn pollen germination and growth appears to be 
additive, suggesting the reproductive process would be more 
seriously damaged if acid rain contains heavy metals. 
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INTRODUCTION 
The natural environment in which plants grow and develop 
contains numerous polluting substances (Treshow, 1984; Cawse, 
1987; Wellburn, 1988; Krupa and Kickert, 1989). when 
concentrations of these pollutants reach certain level, 
reduction in plant growth and injury to plant tissue can be 
expected, particularly injury to the reproductive systems 
(Wolters and Martens, 1987; Heck, 1989). For example, heavy 
metals such as cadmium, copper, lead, and mercury have been 
demonstrated to reduce pollen germination and tube elongation 
in red pine (Chaney and Strickland, 1984) and Several 
experiments have demonstrated that acid rain reduces pollen 
germination and tube growth in many species of plant (Cox, 
1983; Kratky et al,, , 1984; Van Ryn et al, 1985; Wertheim and 
Craker, 1987, 1988). 
Air pollutants, frequently, exist simultaneously in the 
atmosphere, subjecting plant to a combination of pollutant 
stresses that can reduce growth, yield, and the aesthetic 
value of plant tissue more than a single pollutant (Runeckles, 
1984). For instance, Feder and Shrier (1990) demonstrated UV- 
B and ozone combined together reduced pollen tube growth more 
than each pollutant alone. 
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Although rain frequently contains various concentrations 
of heavy metals (Ormrod, 1984; Peirson et al, 1973), the 
combined effects of heavy metals and acid rain on pollen 
germination and tube growth have not been explored. The 
purpose of this study was to determine how heavy metals in 
combination with acid rain would affect pollen germination and 
tube growth. 
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MATERIALS AND METHODS 
Pollen collected from a population of corn {Zea mays L. 
cv. Pioneer 3747) plants was used in these studies. The 
plants were grown in 18-liter pots (one plant per pot) in a 
greenhouse (minimum temperature of 18”C) under supplemental 
light (5 hr/day, November 1 - March 30) to extend day length 
during winter for preventing early flowering. Vigorous plant 
growth was maintained by fertilization with water-soluble 
fertilizer (20-20-20, N:P205:K2) every other week. Fresh 
pollen for use in the experimental procedures was collected 
from plants by gently shaking tassels that had been vigorously 
shaken approximately 2 hours earlier to remove old pollen 
(Wertheim and Craker, 1988). 
Tests of pollen germination and tube elongation were 
conducted in a liquid medium. Preparation of the media 
followed the procedures described by Craker and Waldron (1989) 
except the agar was eliminated and the sugar concentration was 
increased to 20 percent. Aliquots of stock solutions of the 
chloride salts of Cd^^, Cu^^, Pb^^, Hg^^, and Zn^^, respectively, 
were added to each culture medium alone to yield final 
concentrations of 1, 3, 10, 30 and 100 /xM. The equal amount 
of distilled water was added to control medium that did not 
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contain test ions. Pollen was gently spread from weighing 
paper onto the surface of medium and cultured at 25 °C for 1 
hr. Germination was examined with a light microscope by 
sampling 5 different microscopic viewing fields in each Petri 
dish containing cultured pollen grains for a observation about 
300 pollen grains per treatment. A pollen grain was 
considered germinated if the tube extrusion was equal to one 
half the diameter of the pollen grain. Pollen tube length was 
determined by measuring 3 longest tubes in a microscopic 
viewing field of five viewing fields per Petri dish. Each 
treatment contained two replicates and was repeated a minimum 
of 2 times. 
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All of rhe rested heavy nerals^ excepr for cadjLim, 
significarrly reduced ccrr pcller geminauicn in a liquid 
ired~ ua ah a cci>cenhrahicn of 1 -X as ccapared vihh controls 
(Table 1) - Tube growth vas significantly reduced at 
cccfcentraticns of 1 -H fcr aercuzr}', 10 -M for copper and 
zinc, and 30 -S for cadtiun and lead (Table 2) - Relative 
toxicity fcr a 50 % reduction in gemination vas aercurN' > 
zinc > copper > lead > cadaiua; relative toxicity for a 50 % 
reduction in tube grcvth vas aercury* > copper > lead > cadalua 
= zinc. Reduction in gemination of com pollen treated with 
cadaiua vas greater vhen simulated acid rain vas added to the 
culture aediua (Table 3}. 
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Table Al. Heavy metals and germination of 
corn pollen on liquid medium. 
Concentration (^M) 
1 3 10 30 100 
(Germination as % of Control) 
CdClj 91 81” 
« ^ 
72 67 9 
CuClj 81" 88” 39” 0 0 
HgCl^ 42” 0 0 0 0 
PbCl, 84’ 77” 58” 14” 0 
ZnCl, 
A 
79” 42” 26” 30 11” 
* 
** 
P < 0.05 
P < 0.01 
(as compcired with 
(as compared with 
control) 
control) 
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Table A2. Heavy metals and tube growth of 
corn pollen on liquid medium. 
Concentration (MM) 
1 3 10 30 100 
(Tube length as % of control) 
CdCl2 105 107 99 73 23 
CUCI2 99 107 34’’ 0 0 
HgClj 16* ** 0 0 0 0 
PbCl2 99 92 94 10** 0 
ZnCl2 104 93 68 58** 13** 
* P < 0.05 (as compared with control) 
** P< 0.01 (as compared with control) 
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Table A3. Effects of cadmium and acid rain 
on corn pollen germination. 
Cadmium Concentration 
0 30 Difference 
(MM) 
(% of Reduction*) 
5.5 0 34 34 
pH 
5.0 18 51 33 
Difference 18 17 
* From pH 5.5, 0 cadmium 
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DISCUSSION 
Heavy metals tested in this study, at 1 /uM except 
cadmium, impaired the normal germination and growth of corn 
pollen. Chaney and Strickland (1984) have previously observed 
that in a liquid medium cadmium and copper at 0.56 /xM, mercury 
at 1.11 /xM, lead at 8.9 /xM and zinc at 71.7 /xM significantly 
reduced pine pollen germination. The order of relative 
toxicity of heavy metals for the corn pollen used in this 
study was different from that of pine pollen used by Chaney 
and Strickland (1984), suggesting a differential species 
response to heavy metals. 
Reduction in germination is more pronounced when corn 
pollen is subjected to both acid rain and cadmium or copper as 
compared with heavy metals alone. For example, at pH 5.5 the 
reduction in germination for cadmium alone was 34% as compared 
with the treatment without cadmium while the reduction with a 
mixture of cadmium and acid rain at pH 5.0 was 51%. The 
toxicity of heavy metals on pollen did not appear to be 
enhanced by a lower pH, contrasting with previous observations 
used with animal tissues (Markarian et al., 1980). The 
combination of heavy metals and acid rain effect on the 
germination of corn pollen appears to be additive in this 
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study, same as in the case of combination of UV-B and ozone 
effect on the tube growth in Nicotiana tabacum and Pertunia 
hybrida (Feder and Shirer, 1990). 
Heavy metals emitted to the air can be spread widely and 
will be washed out when it is rain (Peirson et al., 1973; 
Ormrod, 1984; Cawse, 1987). Therefore, the combination of 
acid rain and heavy metals is inevitable in some areas. The 
question is how much heavy metals is in acid rain. According 
to Peirson et al.(1973), the washout factor for zinc is 1050 
(concentration in rain/concentration in air) and the highest 
concentration for zinc among seven monitoring sites in England 
was recorded as 415 ng kg'^ in air. Thus, = WxCjir = 435 
jug r^, which is about 6.7 /iM. For copper, 70 /xM and 171 /xM in 
the rain were recorded (Nriagu, 1979). The chance for pollen 
to encounter the acid rain with heavy metals at the 
concentration beyond 1 /xM is reasonably high. 
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APPENDIX B 
STATISTICAL TABLES 
Table Bl. Two sample t 
germination 
tests 
data in 
for tomato 
Fig. 2. 
pollen 
Source Mean S.E. T DF P 
LH 5.5 84.07 2.50 
LH 4.5 51.77 1.70 -10.82 28 0.0000 
LP 5.5 73.81 4.53 
LP 4.5 42.71 3.10 -5.78 27 0.0000 
Table B2. Two sample t 
tube growth 
tests 
data in 
for tomato 
Fig. 2. 
pollen 
Source Mean S.E. T DF P 
LH 5.5 0.109 0.003 
LH 4.5 0.066 0.002 -10.77 361 0.0000 
LP 5.5 0.140 0.004 
LP 4.5 0.077 0.003 -13.11 162 0.0000 
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Table B3. Two sample t 
germination 
tests for corn 
data in Fig. 3. 
pollen 
Source Mean S.E. T DF P 
pH 5.5 52.97 4.23 
pH 4.5 34.95 2.91 3.51 18 0.0025 
Table B4. Two sample t tests for corn pollen 
tube growth data in Fig. 3. 
Source Mean S.E. T DF P 
pH 5.5 1.093 0.017 
pH 4.5 0.909 0.015 8.08 58 0.0000 
66 
Table B5. Two sample t tests for corn pollen 
germination data in Table 1. 
Source Mean S.E. T DF P 
Agar 61.11 2.74 
Liquid 59.81 3.55 0.28 24 0.7811 
67 
Table B6. Two sample t tests for corn pollen 
tube growth data in Fig. 5. 
Source Mean S.E. T DF P 
Sample 1 hr 0.558 0.017 
Sep. Samp. 4 hr 1.792 0.143 -8.57 9 0.0000 
Sep. Samp. 4 hr 1.792 0.143 
Sample 4 hr 1.800 0.104 
1 
1 
1 
o
 
1 
• 
1 
o
 
1 1 
18 0.9667 
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Table B7. Two sample t 
data in Table 
tests for 
4. 
number of corn kernels 
Source Mean S.E. T DF P 
Control 226 39 
Acid Rain 227 53 0.02 6 0.9855 
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Table B8. Regression analysis for tomato pollen germination 
data in Fig. 6. 
Dependent Predictors Coefficient Std Error P 
LH (Y) constant 
IgX 
-424.17 
731.40 
97.00 
143.54 
0.0033 
0.0014 0.7876 
LP (Y) constant 
IgX 
-355.99 
642.97 
105.55 
156.93 
0.0121 
0.0046 0.7057 
Table B9. Comparing two straight-line regression equations 
from tomato pollen germination data in Fig. 6. 
Source Ho Ha t Bi Ho Ha t 
LH 
LP 
-424 
-356 ^01~^02 
731 
0.470 643 ^ir¥^i2 0.412 
'^14,0.975“2.145 
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Table BIO. Two sample t tests for tomato pollen germination 
data in Fig. 6. 
Source Mean S.E. T DF P 
LH, pH 5.0 99.40 4.30 
LP, pH 5.0 106.60 10.72 -0.63 12 0.5426 
LH, pH 4.9 91.09 6.80 
LP, pH 4.9 98.48 7.35 -0.74 18 0.4698 
LH, pH 4.8 80.65 4.45 
LP, pH 4.8 92.12 6.27 -1.49 18 0.1528 
LH, pH 4.7 65.75 2.55 
LP, pH 4.7 72.19 6.79 
00 • 
o
 1 12 0.3923 
LH, pH 4.6 59.86 3.41 
LP, pH 4.6 76.59 9.25 -1.70 12 0.1168 
LH, pH 4.5 63.25 3.44 
LP, pH 4.5 74.98 8.25 -1.31 11 0.2170 
LH, pH 4.4 49.72 4.15 
LP, pH 4.4 51.73 3.99 -0.35 18 0.7303 
LH, pH 4.3 16.58 3.18 
LP, pH 4.3 29.98 3.34 
1 
1 
1 
to
 
1 
• 
1 
V
D
 
1 
H
 
18 0.0094 
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Table Bll. ANOVA for corn pollen tube growth data in Fig. 9 
Source DF MS F P 
pH (A) 4 0.3255 5.33 0.0064 
Time (B) 4 1.3995 22.91 0.0000 
A*B 16 0.0611 
Total 24 
Table B12. Two sample t tests for some treatment data in 
Fig. 9. 
Source Mean S.E. T DF P 
pH 
pH 
5.5, 
4.5, 
0.5 hr 
0.5 hr 
0.2342 
0.1833 
0.0041 
0.0045 8.35 58 0.0000 
pH 
pH 
5.5, 
5.5 
0.5 hr 
+ CH, 0. 5 hr 
0.2342 
0.2308 
0.0041 
0.0039 0.59 58 0.5570 
pH 
pH 
5.5, 
4.5, 
1 hr 
1 hr 
0.5383 
0.4850 
0.0065 
0.0079 5.20 58 0.0000 
pH 
pH 
5.5, 
5.5 
1 hr 
+ CH, 1 hr 
0.5383 
0.5483 
0.0065 
0.0101 -0.83 50 0.4097 
pH 
pH 
5.5, 
4.5, 
2 hr 
2 hr 
1.0930 
0.9092 
0.0203 
0.0150 7.28 58 0.0000 
pH 
pH 
5.5, 
5.5 
2 hr 
+ CH, 2 hr 
1.0930 
1.0420 
0.0203 
0.0237 -1.61 58 0.1138 
pH 
pH 
5.5, 
4.5, 
4 hr 
4 hr 
1.7000 
1.5340 
0.0298 
0.0309 3.86 58 0.0003 
pH 
pH 
5.5, 
5.5 
4 hr 
+ CH, 4 hr 
1.7000 
1.1170 
0.0298 
0.0266 14.60 58 0.0000 
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Table B13. ANOVA for corn pollen germination data in Fig. 10. 
Source DF MS F P 
pH (A) 4 837.96 116.75 0.0000 
Time (B) 2 28.39 3.96 0.0639 
A*B 8 7.18 
Total 14 
Table B14. Two sample 
Fig. 10. 
t tests for some treatment data in 
Source Mean S.E. T DF P 
pH 5.5, 
pH 4.5, 
0.5 hr 
0.5 hr 
46.70 
27.09 
2.205 
2.938 5.34 18 0.0000 
pH 5.5, 
pH 5.5 
0.5 hr 
+ CH, 0.5 hr 
46.70 
43.12 
2.205 
3.417 0.88 18 0.3895 
pH 5.5, 
pH 4.5, 
1 hr 
1 hr 
52.00 
32.54 
3.149 
3.589 4.07 18 0.0007 
pH 5.5, 
pH 5.5 
1 hr 
+ CH, 1 hr 
52.00 
47.08 
3.149 
6.567 0.67 13 0.5116 
pH 5.5, 
pH 4.5, 
2 hr 
2 hr 
52.97 
34.95 
4.228 
2.906 3.51 18 0.0025 
pH 5.5, 
pH 5.5 
2 hr 
+ CH, 2 hr 
52.97 
45.29 
4.228 
5.490 1.11 18 0.2820 
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Table B15. Two sample t tests for corn pollen germination 
data in Table 6. 
Source Mean S.E. T DF P 
pH 5.5 54.52 2.09 
pH 4.5 13.44 3.00 -11.24 18 0.0000 
Table B16. Two sample t tests for corn pollen rupture 
data in Table 6. 
Source Mean S.E. T DF P 
pH 5.5 
pH 4.5 
5.08 
70.43 
0.76 
4.97 12.99 9 0.0000 
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Table B17. ANOVA for corn pollen germination data in Fig. 12. 
Source DF MS F P 
Time at pH 3.5 (A) 1 4371.4 2346.6 0.0000 
Time at pH 5.5 (B) 4 20.4 11.4 0.0186 
A*B 4 1.8 
Total 9 
Table B18. ANOVA for corn pollen rupture data in Fig. 12. 
Source DF MS F P 
Time at pH 3.5 (A) 1 61.4 0.5 0.5121 
Time at pH 5.5 (B) 4 954.7 8.0 0.0340 
A*B 4 118.8 
Total 9 
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